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Glasses in SiO2‚CaO‚P2O5 and SiO2‚CaO‚P2O5‚MgO systems have been prepared by a sol-
gel synthesis procedure. The calcined glasses have been characterized by XRD, N2 adsorption,
Hg porosimetry, XPS and TEM and have been also subjected to in vitro tests (immersion in
a simulated body fluid) to evaluate their bioactivity. The presence of magnesium in the glasses
increases the surface area and porosity, but it retards the formation of an apatite layer on
the surface of glasses in the in vitro test. The XPS reveals that the surfaces of the glasses
are richer in phosphorus and poorer in calcium than the bulk, whereas the magnesium, if
present, associates preferentially to phosphorus at the glass surface. The TEM shows the
presence of apatite-like calcium phosphate domains in the magnesium-free glasses, which
are barely detected in the glasses, which contain this element. These apatitic domains are
proposed to be the nucleation centers for the crystallization of apatite in the in vitro tests.

Introduction

The formation of a calcium phosphate layer on bio-
active glasses when they are immersed in a simulated
body fluid (SBF)1,2 is a complex phenomenon, which
could depend on both chemical and textural parameters
(surface area and porosity) of the substrate. In the
particular case of glasses prepared by a sol-gel proce-
dure, their high surface area has been claimed as
responsible for the growing of an apatite layer on the
surface.3 Furthermore, the presence of pores sizes >2
nm is required to achieve rapid crystallization of this
apatite layer.4

Although the influence of the texture of the substrate
on the formation of apatite is generally admitted, the
detailed nature of the nucleation process of the apatite
is still a matter of debate. The practical totality of
authors focuses the discussion on apatite nucleation
upon the role of the silanol groups existing on the glass
surface under the environmental conditions where the
essays are conducted.4-7 More recently, Wang and
Chaki8 show an epitaxic relationship between Si(111)
and apatite in [102] orientation. Interestingly, the

phosphorus and calcium of the substrate are generally
considered as a mere reservoir that influences the
supersaturation of the solution as they are leached from
the glass. It is remarkable that neither phosphorus nor
calcium pertaining to the glass is ever considered as
potential nucleation centers for apatite crystallization.
Indeed, the information regarding the chemical state
of phosphorus in bioactive glasses is very scarce, despite
of the importance that this element may have when
considering the formation of a calcium phosphate layer
onto the surface.

To gain knowledge on the influence that the chemical
nature of the glass surface has on the nucleation events
leading to the formation of apatite, here we report the
results we have obtained in the study of the relationship
between the in vitro bioactivity of SiO2‚CaO‚P2O5‚(MgO)
sol-gel glasses and the textural properties and chemical
nature of the glass surface.

Experimental Section

Preparation of the Glasses. Four different glasses, two
with different SiO2 contents, 65 and 75 mol %, one with CaO,
and one with CaO and MgO (Ca/Mg ) 4.1) (4 mol % of P2O5 in
all cases) were prepared by hydrolysis and polycondensation
of tetraethyl orthosilicate (TEOS), triethyl phosphate (TEP),
calcium nitrate, and, in two samples, also magnesium nitrate,
in the presence of water (mole of H2O/(mole of TEOS + mole
of TEP) ) 8). Nitric acid was added to catalyze the hydrolysis
and condensation of alkoxides (mole of HNO3/(mole of TEOS
+ mole of TEP) ) 0.05). The synthesis procedure, the same
for all the compositions, was as follows: the TEOS is mixed
with water and 2 N HNO3, and then the TEP, calcium nitrate,
and magnesium nitrate, if required, were successively added,
by keeping 1 h intervals between additions. In every case, after
the reactants were mixed, the sol was introduced into poly-
ethylene containers where it was allowed to gel at room
temperature and then aged at 70 °C for 3 days and dried at
150 °C for 2 days. The resulting glasses are denoted as 65S,
75S (magnesium free samples), 65SM, and 75SM (samples
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with magnesium), where the number corresponds to the SiO2

content in mole %.
In Vitro Bioactivity Test. The calcined glasses were

subjected to in vitro tests to evaluate their bioactivity. Frac-
tions of 500 mg of glass powders were pressed in air using a
uniaxial press and a steel die with an applied pressure of 55
MPa, and then isostatically pressed at 150 MPa for 3 min and
calcined at 600 °C for 3 h. The so-obtained disks (13 mm
diameter, 2 mm thickness) were mounted vertically in a special
Pt scaffold, and soaked in 45 mL of simulated body fluid
solution (SBF) in polyethylene containers maintained at 37
°C. The chemical composition of the SBF solution is that
described in ref 9.

Formation of apatite-like layer on sintered disks was
determined by X-ray diffraction (XRD) by using a Philips
X’Pert MPD diffractometer and Cu KR radiation. N2 adsorption
was carried out on a Micromeritics ASAP 2000 instrument.
Surface area was obtained by applying the BET method to the
isotherm. Pore size distribution was determined by the BJH
method from the desorption branch of the isotherm. Hg
porosimetry was done on a Micromeritics Autopore III 9420
instrument. Pore sizes in the range from 100 µm to 3 nm were
determined by this technique.

For TEM observations and ED studies, samples scraped
from the surface of glass disks were dispersed in 1-butanol
and then transferred to carbon-coated copper grids. The
examinations were performed on a JEOL 2000 FX electron
microscope working at 200 kV.

Chemical analysis of the surface was determined by X-ray
photoelectron spectroscopy (XPS) with an Escalab-210 spec-
trometer. Binding energies were corrected for charge effects
by referring to the carbon 1s peak at 284.9 eV. This measure-
ment was carried out on the calcined monolithic disks.

Results and Discussion

Textural Properties. Having taken into account
that all the four sol-gel glasses were synthesized using
the same preparation parameters, the porosity and
textural properties of samples will be discussed as a
function of composition.

The N2 adsorption isotherms of the glasses that do
not contain magnesium are plotted in Figure 1. These
isotherms are similar to those of magnesium-containing
glasses. They correspond to the type IV isotherm ac-
cording to the BDDT classification.10 The characteristic

hysteresis loop of this isotherm can be observed in all
cases, i.e., desorption branch does not follow the same
path as the adsorption branch at relatively high P/P0
values. This behavior clearly indicates the presence of
mesopores in the solids. The hysteresis loop shifts
toward lower P/P0 values as the silica content of the
glasses increase, which can be taken as an evidence of
a reduction of the average pore size. Furthermore, it
can also be observed that the magnesium has little
influence in the shape of the isotherm for given silica
content. This is reflected in the pore size distribution
obtained from the desorption branch of the isotherm
following the BJH method (Figure 2). The four glasses
show a monomodal and narrow pore size distribution
in the mesopore range (2 < dp < 50 nm). The average
pore size decreases from 7 to 3 nm as the silica content
increases from 65 to 75%, but it is little affected by the
presence of magnesium (see insets in Figure 2). On the
other hand, the t plot analysis of the isotherm indicates
the absence of micropores (dp < 2 nm) in all cases.

The BET surface area increases with the silica
content of the glass, and it is also enhanced by the
presence of magnesium. The glasses also have a high
pore volume, which nevertheless decreases, as the
samples become richer in silica.

The pore size distributions in the meso- and macropore
region determined from Hg porosimetry are given in
Figure 3. The samples exhibit a bimodal pattern of
porosity, with two maxima centered in the mesopore
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Figure 1. N2 adsorption isotherms of SiO2‚P2O5‚CaO glasses.
Surface areas of the four glasses are given in the inset.

Figure 2. Pore size distribution and porosity of glasses by
N2 adsorption (BJH method).
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region, below 10 nm, and in the macropore region, in
the range from 104 to 102 nm. The sharp maxima in the
mesopore range correspond closely with the pores
detected by N2 adsorption (Figure 2). For the samples
with 75% silica, only the ascendant branch of the pore
size distribution is observed. This behavior is due to the
presence of pores so small that mercury cannot pen-
etrate all of them, since the detection limit of this
technique is 3 nm. As a consequence, the total porosity
of the glasses richest in silica is underestimated by Hg
porosimetry.

It can be observed in Figure 3 that the overall pore
distribution shifts toward lower sizes as the silica
increases. Also, for each silica content, the addition of
magnesium to the glass also reduces the average pore
size of the macropores, this effect being more pro-
nounced for the sample with 75% of silica. On the other
hand, practically no pores below ∼2 µm in size are
detected in the four glasses.

To summarize the results referring the texture of the
glasses, it can be said that the porosity in the mesopore
region is influenced by the silica content of the material,
whereas the magnesium content enhances the surface
area and also affects the macroporosity. Therefore, the
addition of magnesium to the glass does not seem to
have a deleterious influence on properties that are
relevant for bioactivity, namely surface area and poros-
ity.

In Vitro Test. When the disks of glass are soaked
into the SBF solution, the formation of an apatite-like
layer is detected by XRD. Plotting the area of the (211)
reflection as a function of the immersion time can
conveniently monitor the growth rate of this layer. The
results obtained for the four glasses are presented in
the Figure 4. Strong differences in growth rate between
the different samples are observed in the figure. The
highest rate of apatite formation takes place on the
glasses that do not contain magnesium (65S and 75S).
A faster crystallization rate is found for the glass richer
in calcium (65S), but the formation of the phosphate
layer is more quantitative for the sample 75S. Partial
replacement of calcium by magnesium provokes a strong
reduction in the initial crystal growth rate, but never-
theless a continuous increase of the apatite layer with
time is observed in both cases.

A detailed analysis of the rate of apatite formation
should take into account factors dependent on the
surface of the glass but also the chemical composition
of the liquid phase. The calcium concentration in the
solution as a function of the soaking time is given in
Figure 5. The leaching of this ion to the solution is
higher for the glasses richest in this element (65S and
65SM), but its concentration stabilizes after ∼7 days.
The higher leaching rate of Ca2+ from the 65S substrate
at short soaking times as compared with 75S might
account for the faster crystallization of apatite on this
glass (Figure 4), but it can hardly explain the continuous
progress of the apatite layer on the 75S beyond 2 days.
Other factors, such as the higher surface area of the
glass 75S, might account for this behavior.

The influence of the magnesium present in the glass,
on the concentration of Ca2+ in the solution, is very

Figure 3. Pore size distribution and porosity of glasses in
the mesopore and macropore ranges determined by Hg poro-
simetry.

Figure 4. Area under (211) reflection of the apatite phase vs
soaking time (bottom). XRD patterns of the 65S glass before
and after 14 weeks of soaking (top).
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small at the beginning of the process. However, beyond
2 or 3 days the concentration of this element is slightly
higher for the substrate containing magnesium. There-
fore, the inhibitory effect of this element on the growth
of the phosphate layer cannot be attributed to an
eventual depletion of Ca2+ in the solution. In regard to
this, it has to be considered that besides the chemical
composition of the solution in contact with the substrate,
the formation of the apatite layer on glass surfaces may
also be governed by their textural properties, particu-
larly pore size and surface area.3,4 For pure silica
glasses, it has been reported that a reduction of the
average pore size below 2 nm results in a strong
decrease of the crystallization rate of the phosphate
layer.11 Although it remains to be determined whether
this conclusion applies also for calcium-containing
glasses, it could be safely assumed that in our case the
phosphate growing would not be limited by the pore size,
which is well above 2 nm in the four glasses. Indeed, it
has been reported that the bioactivity depends on
surface area, and it is not controlled by pore size for
glasses with dp > 2.6 nm.12 As has been shown above,
the surface area increases with the magnesium content
of the glass, but nevertheless the presence of this
element affects in a negative manner the growth of
apatite. This behavior then suggests that not all the
glass surfacees could be equally active in nucleating the
apatite crystals. Following this hypothesis, it would be
most useful to characterize the chemical nature of the
glass surface. This has to be done by means of X-ray
photoelectron spectroscopy (XPS).

X-ray Photoelectron Spectroscopy (XPS). The
phosphorus 2p XPS spectra of the four glasses consist
of one signal centered at 133.4 ( 0.2 eV, which corre-
sponds to PO4

3- groups.13 The P 2p in hydroxyapatite
is detected at the same binding energy.13 The binding
energy of Ca2+ 2p3/2, 347.4 ( 0.2 eV, characteristic of
this ion in common salts, was the same in all samples,
as well as the band shape. The Si 2p band appears at a
binding energy of 103.3 ( 0.2 eV, characteristic of this

element tetrahedrically coordinated by four oxygen
atoms. The magnesium, whenever present, is detected
at 51.0 ( 0.2 eV, characteristic of this element in an
oxygen environment.

The oxygen 1s XPS spectra of the glasses are shown
in Figure 6, where the spectra of an hydroxyapatite
sample has been included as reference. These experi-
mental spectra can be deconvoluted into two compo-
nents, centered at 531.3 ( 0.2 eV and 533.1 ( 0.2 eV,
respectively. The first peak appears at the same binding
energy as the O 1s peak in hydroxyapatite,13,14 whereas
the one at 533.1 eV corresponds to oxygen in a silica
environment.15 Therefore, the XPS results indicate that
the glass surface is highly heterogeneous, and clearly
suggest the existence of calcium phosphate micro-
domains, where the calcium, oxygen, and phosphorus
environments are quite similar to those present in
hydroxyapatite. These results are not surprising, owing
to the well-known general stability of calcium phos-
phates and, on the contrary, the reluctance of phospho-
rus to form P-O-Si bonds if divalent or trivalent ions
are also present.

The XPS analysis also reveals strong differences in
chemical composition between the bulk and the glass
surface (see Table 1). In general, the surface is poorer
in calcium than the bulk, but contains more phosphorus
(except for sample 75S). Indeed, these differences are
enhanced as the glasses become richer in silica. On the
other hand, the addition of magnesium results in a
strong increase of phosphorus at the surface, and at the
same time a high level of magnesium is also detected.
Since the presence of magnesium produces a modest
increase of calcium (samples 75S and 75SM) or even a
depletion of this element (sample 65SM compared with
65S), the preferential association of magnesium with
phosphate at the glass surface would explain the ejec-
tion of phosphorus from the interior to the more external
rim of the glass particles, whenever they contain
magnesium. Indeed, it is worth mentioning that the
sample with the highest concentration of magnesium
at the surface (65SM) exhibits the lowest bioactivity.

Transmission Electron Microscopy (TEM). The
identification by XPS of calcium, phosphorus, and
oxygen in chemical environments analogous to those
present in calcium phosphate-type materials, led us to
investigate the microstructure of the glasses by means
of TEM and EDS.

The TEM-EDS analysis at a 30-nm scale of grains
shows strong differences in chemical composition among
different regions of the glasses under examination. In
the cases where phosphorus, calcium, and silicon are
detected in the same area, their relative proportions
change from one region to another. Also, regions with
no phosphorus at all are found, but interestingly
wherever this element is detected, calcium is present
as well. Moreover, for the magnesium-free samples,
crystals with a filamentous morphology can be clearly
distinguished at the border of grains. These crystals
turn out to be composed of calcium, phosphorus, and
oxygen only (Figure 7, sample 65S). The electron dif-(11) Pereira, M. M.; Clark, A. E.; Hench, L. L. J. Am. Ceram. Soc.
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Figure 5. Calcium concentration in the SBF vs soaking time.
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fraction pattern of these crystals is also presented in
Figure 7. This pattern, although rather diffuse, shows
the basic diffraction features of hydroxyapatite and,
hence, can be assigned to this phase.

In the two glasses containing magnesium, this ele-
ment is detected always together with calcium, phos-
phorus, and silicon. Indeed, only one region consisting
of calcium phosphate crystals has been found among the
several examined. Therefore, the magnesium seems to
inhibit the formation of these domains. Furthermore,
according to the XPS results, the magnesium is prefer-
entially associated with phosphate. Then, taking into
account also the magnitude of the area analyzed by EDS
(∼30 nm), the magnesium would be probably present
as calcium magnesium phosphate particles of nanomet-
ric size.

The preferential association of calcium and phospho-
rus to build up calcium phosphate, which appears as
apatite-type microdomains in the silica matrix, as
revealed by XPS and TEM-EDS, would not be surpris-
ing, owing to the well-known stability of the resulting
calcium silicate and calcium phosphate phases. The
formation of these phases would be the driving force to
arrange the glass at nanometric scale. The presence of
such microdomains in the glasses should have a strong

impact on their bioactivity, since they would act as
preferred nucleation centers for apatite crystallization.
Indeed, it has been discussed by Wang et al.8 that the
key role that the interfacial energy between the nucleus
and the substrate plays in the nucleation of apatite
crystals on monocrystalline silicon. These authors show
that an apatite film in a preferred orientation [102] can
be grown on a Si(111) oriented surface, whereas a Si-
(100) surface remains inactive. The difference was
attributed to the crystallographic matching between the
Si(111) and the apatite crystals in [102] orientation. In
our case, if apatite crystals were already present in the
glass, they would offer the minimum interfacial energy
for apatite growth, acting as nucleation centers for the
crystallization of this phase. In addition, the inhibitory
effect of the magnesium on the formation of the layer
on the glass can be attributed to its negative influence
on the formation of the apatite nucleation centers, as
evidenced by TEM.

Finally, it has to be understood that the preferred
crystallization of apatite onto the nuclei previously
existing on the substrate does not completely exclude
its eventual nucleation on other regions of the glass.
Indeed, the high supersaturation of the environment
with regard to apatite also provides a strong driving
force for its nucleation, even if the interfacial energy
with the substrate is not particularly low.

Conclusions

It has been found in glasses prepared by a sol-gel
procedure in the system SiO2‚CaO‚P2O5 that the surface
area increases, whereas the average pore size decreases
from 7 to 3 nm as the silica content increases from 65
to 75 mol %. The addition of magnesium (Ca/Mg ) 4.1)
to the glasses causes an increase in surface area and

Figure 6. XPS spectra of oxygen 1s of the glasses and the reference sample of hydroxyapatite.

Table 1. Bulk and Surface (XPS) Atomic Compositions
for the Calcined Disks of Glass

atom %

bulk surface (XPS)

Si P Ca Mg Si P Ca Mg

65S 62.5 7.7 29.8 0 70.1 11.7 18.1 0
65SM 62.5 7.7 24.0 5.8 61.2 14.9 12.5 11.3
75S 72.1 7.7 20.2 0 88.8 3.9 7.3 0
75SM 72.1 7.7 16.3 3.8 76.9 10.2 9.3 3.5
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pore volume, whereas a very small reduction in pore
sizes is observed.

The glasses develop an apatite layer by soaking in a
SBF solution, but a retarding influence of the magne-
sium on the formation rate of this layer is found.

XPS shows the presence of calcium, phosphorus, and
oxygen in an apatite-like environment at the surface of
the glasses, reveals strong differences between bulk and
surface chemical compositions, and suggests a prefer-
ential association of phosphorus with magnesium when-
ever this element is present at the glass surface.

TEM examination of the magnesium-free glasses
shows the presence of pure calcium phosphate domains,
whose electron diffraction pattern matches that of

apatite. These phosphate regions are barely detected in
the glasses containing magnesium. These calcium phos-
phate microdomains are proposed to be preferential
nucleation centers for the crystallization of apatite
under the conditions prevalent in the in vitro tests.
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Figure 7. TEM image for glass 65S. TEM-EDS spectra for (a) external and (b) internal regions in the glass particle. The inset
shows the ED pattern acquired for a selected area region a.
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